Demonstration and design criteria of transition-edge sensors

(TESs) with noise equivalent power below 10-1° W/Hz'/2 for
space-borne grating spectrometers
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1. Introduction to the Background Limited Infrared Sub-mm
Spectrograph (BLISS):

Membrane-isolated transition-edge sensor (TES)
goals/requirements.

2. Detector-limited noise: readout 1/f and Ry.
3. Undesired proximity effects for o and T, = response time .

4. Best performance TES:
noise equivalent power (NEP)< 10'1° W/Hz¥/2 & t ~360ms.
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* Desired sensitivity: 2e-20 W m2 (5s, 2h) for Requirement and 1e-20 W m2 for Goal
under conservative assumptions (photons contributing equally at goal sensitivity).

*Detector noise equivalent power (NEP): Requirement: 1e-19 W Hz'/2, Goal: 5e-20 W Hz1/2



BLISS design goal parameters

Loads on bolometer:

-Zodiacal light, galactic cirrus,
CMB, telescope, baffles.

/

Estimated power load at
bolometer

Galactic cirrus: Image Credits:

Infrared Processing and Analysis
Center, Caltech/JPL. IPAC is NASA's
Infrared Astrophysics Data Center.

Band (pum) (pm) 357 230 148 92 53
Safety factor 75 150/ 200 400 400
Ppolometer (aW) 229 034 025 0.13 0.12
| (aW) 172 51 49 52 50
C (1J/K) 13 13 13 13 13
G (fW/K) 15 15 15 15 15
C/G (s) 1.07 3.63 3.71 349 3.69
T (s) 005 016 0.16 0.15 0.16

*Base temperature = 50mK, T. = 65mK.

*Thermal conductance G is chosen so that NEP,,...,, matches NEP

photon*

*Heat capacity C expected from Si-N = suitable speeds for chosen G values.

G, C shown for NEP goal. For BLISS NEP requirement G=>Gx10, C=>Cx10.




BLISS design goal parameters

Galactic cirrus: Image Credits:
Infrared Processing and Analysis
Center, Caltech/JPL. IPAC is NASA's
Infrared Astrophysics Data Center.

*Base temperature = 50mK, T. = 65mK.

*Thermal conductance G is chosen so that NEP,,...,, matches NEP

-Zodiacal light, galactic cirrus,

Estimated power load at

bolometer
CMB, telescope, baffles. /
Band (pum) (pm) 357 230 148 92 53
Safety factor 75 150/ 200 400 400
Pt olometer (aW) 229 034 025 0.13 0.12
P (aW) 172 51 49 52 50
( {FI/I(} ] 2 12 ]2 12 12
G (fW/K) 15 15 15 15 15
C/G (s) 1.07 3.63 \3.71 349 3.69
T (s) 005 0.16 \0.16 0.15 0.16

\

G needed at 65mK.

photon*

*Heat capacity C expected from Si-N = suitable speeds for chosen G values.

G, C shown for NEP goal. For BLISS NEP requirement G=>Gx10, C=>Cx10.




BLISS design goal parameters

-Zodiacal light, galactic cirrus,
CMB, telescope, baffles.

Estimated power load at
bolometer

/

Band (um) (Lm) 357 230 / 148 92 53
Safety factor 75 150/ 200 400 400
P olometer (aW) 229 034 025 0.13 0.12
P (aW) 172 51 49 52 50
(" {FI/I(} 12 12 13 12 12
Galactic cirrus: Image Credits: G (fW/K) 15 15 15 15 15
Infrared Processing and Analysis N _ _
Center, Caltech/JPL. IPAC is NASA's C/G (s) 1.07 3.63 3.71 3.49 3.69
Infrared Astrophysics Data Center. T (S) 0.05 0.16 0.16 0.15 0.16
*Requirement: NEP=10"* W/Hz'/2 f =110 5 Hz.
*Goal: NEP=5x102° W/Hz/2, { =1 to 5 Hz.

~roll-off .




*Size: 3.5m .

*T=4.5K.

*Optimized for 10 to 600um
observations.
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Warm Telescope (e.g. Herschel)
T.=80K, e=4%

tel

SPICA SAFARI FTS
T, =45K, £=5%, R=3,

tel

2X oversampling, dual pol

SPICA/BLISS Goal
T,q=4.5 K, £=5%, R=700

100
Wavelength [um]

tel

1000

Space Infrared telescope for Cosmology and Astrophysics—ISAS/JAXA.
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Extragalactic background light:

*% is in the far-IR.

*Hidden evolution: dust-obscured star formation, black-hole growth.



1. Introduction to the Background Limited Infrared Sub-mm
Spectrograph (BLISS):

Membrane-isolated transition-edge sensor (TES)
goals/requirements.

2. Detector-limited noise: readout 1/f and Ry.
3. Undesired proximity effects for o and T, = response time .

4. Best performance TES:
noise equivalent power (NEP)< 10'1° W/Hz¥/2 & t ~360ms.
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Micrograph of noise thermo. device:
Support beams LR

Noise Thermometer

> Apply power: P=IR,
>Measure temp: 441/R,

> [hermal conduct.: G=dP/dT

Beam cross-section:
400nm x 250nm.

10.000 | ® 2«width, straight | 10

© 1x width, meander ® 2xwidih, straight 4

@ 1= width, meander |
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Frequency (Hz) 1(s)
Material G L P gark Y NEP,p NEP meas T Tgand6
(To) Type | (fwW/K) | (6~ (w) B (50mK) B (10°w/H2YAN (10°wW/HZYY) f| (ms) | (ms)
T [ir(130mK)|  3m 35 0.5 0.9 0.71 1.5 2.5 7.9 131
Meander beams & L/R filter Ir (130mK)|  2Mm 30 0.5 0.9 0.71 1.4 2.5 16.5 274
(BW: 150kHz) Ir (130mk)|  2m 30 0.5 0.9 0.71 1.4 2.5 30.2 502
L |ir(3omk)|  1m 35 15 0.9 0.59 1.4 25 32.3 537
ir(130mk)| NP 110 0.5 2.5 0.71 2.5 4.8 79
ir(130mk)| 3P 115 15 2.0 0.59 2.5 2.5 5.2 86
Straight beams & L/R filter (BW_ Ir (130mK)| 6P 120 1.5 1.5 0.59 2.6 2.6 5.0 83
150kHz). ir(13omk)| 6P 120 1.5 1.5 0.59 2.6 2.6 4.7 77
Ir(130mk)| 6P 110 1.5 1.0 0.59 2.5 25 45 76
L [Ir(a3omk)| 6P 110 1.5 1.0 0.59 25 25 4.7 78
ir (130mK)| 6P 120 0.5 4.8 0.71 2.8 2.8 1.3 22
Straight beams & rt filter (BW: |  [ir@asomk)| 6P 110 05 N 48 0.71 2.7 2.9 3.7 61
~15MHz). ir (130mK)[ NP 140 0.5 4.0 0.71 3.0 3 15 24
L [r@asomk)| NP 100 0.5 46 0.71 2.6 2.6 3.3 55
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MUXOS5 + array test setup
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1/f comes in at a bit higher frequency in MUXO05, but noise level below 1 Hz
doesn’t appear to be much worse (ignoring huge spikes).
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1/f comes in at a bit higher frequency in MUXO05, but noise level below 1 Hz
doesn’t appear to be much worse (ignoring huge spikes).



1. Introduction to the Background Limited Infrared Sub-mm
Spectrograph (BLISS):

Membrane-isolated transition-edge sensor (TES)
goals/requirements.

2. Detector-limited noise: readout 1/f and Ry.
3. Undesired proximity effects for a and T. = response time t.

4. Best performance TES:
noise equivalent power (NEP)< 10'1° W/Hz¥/2 & t ~360ms.



R/0=30mQ.
2Ry =3m Q at 10pm.
2Ry =10m Q at 33pm.

1=C/Gx1/[1+P,a/(GT.)]

Mo/Cu Tc measurement
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BLISS T, test design
Mo/Cu/Ti recipe.
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R/0=30mQ.
2Ry =3m Q at 10pm.
2Ry =10m Q at 33pm.

Mo/Cu Tc measurement

Thermistor length|
—e—20um
1.4p——— —o—10pm }——
5um

40 60 80 100 120 140
T(mK)

BLISS T, test design
Mo/Cu/Ti recipe
TiN wire

LoPE

* Figure from Sadleir et. al. PRL 104, 047003 (2010).




R/0=30mQ.
2Ry =3m Q at 10pm.
2Ry =10m Q at 33pm.

1=C/Gx1/[1+P,a/(GT.)]

Mo/Cu Tc measurement
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Longitudinal proximity effects

120

110

100

=l

&l

70

1

il

4[]

300

200

—&— T -
i =il Q
Low Rn High Rn —&— Rsg—--
i (4mQ) (10mQ)
\ Frotof=3-5H2
1.:roll-off_6'5HZ
i \E = &
[ \ —— ]
i =
I3'/EI | | | | | | |
10 200 30 Al Gl 710 =il =0 100

TES length{urm)

> mK

>mQ



R/0=30mQ.
2Ry =3m Q at 10pm.
2Ry =10m Q at 33pm.

Mo/Cu Tc measurement

Thermistor length|
—e—20um
1.4p——— —o—10pm }——
5um

40 60 80 100 120 140
T(mK)

BLISS T, test design
Mo/Cu/Ti recipe
TiN wire

LoPE

* Figure from Sadleir et. al. PRL 104, 047003 (2010).




T|N wiring (~4K T|N) Ti wiring
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1. Introduction to the Background Limited Infrared Sub-mm
Spectrograph (BLISS):

Membrane-isolated transition-edge sensor (TES)
goals/requirements.

2. Detector-limited noise: readout 1/f and Ry.
3. Undesired proximity effects for o and T, = response time .

4. Best performance TES:
noise equivalent power (NEP)< 10'1° W/Hz¥/2 & t ~360ms.



Reducing unwanted proximity effects

WIR: wiring layer= TiN (T¢ 1;#n>>T. \io/cu) Prevents wire contribution to G.

CON: contact layer=2Ti (Terin>Te 1> T mojcu )-
BRD: Prevents “footing” problems and adds normal excitations to reduce LPE.

i




Reducing unwanted proximity effects

WIR: wiring layer=> TiN (T¢ 1;y>>T; vo/cu) Prevents wire contribution to G.

C

CON: contact layer=2Ti (Tein>Te 1> Te mo/cu )-
BRD: Prevents “footing” problems and adds normal excitations to reduce LPE.

LEl 50KV  X10,000 WD 13.3mm



Lowering G to meet NEP requirement

Thermistor platform
};;;- /‘-’/ - 1.4 . data,G=10.5fW/K, G~T°, T _=120mK
[ . _ , 19 1
R © . 1.2\ __fit, NEP__=0.84056x 107°W/Hz '™, P,=50aW
N g |
Support L ey / 1
beams Meander % - Diagonal 0.8t
beams @ - beams =
: g = 0
Dispersed i
lphonon | @+ o4
54 filter B =
blocks | B 0.2
| | 0 i i H : i —i
0 20 40 60 80 100 120 140

T(K)
G=(15+5)fW/K, T.=(120.5+3.5)mK, 10<a<60, and t=(360+30)ms.

Stray power P,=(135+85)aW.
Approximate transfer function: 1/(V,.V(1+(wT)?)).

NEP=(0.95+0.2)x101°W/Hz/2, while the expected NEP is (8.5+1.5)x1020W /Hz1/2



Lowering G to meet NEP requirement

}[i /‘-—‘/Thermistorplatfmm 10-17
=== s - —— R=2.7133mQ)|
N 8 — R=1 5742m0
Support e 4 10"} R=0.6403mQ)}|.
beams Meander g . .  Diagonal - .
beams @  beams L
SRR — BN E |
SEERERE RN o L.
! Dispersed| & % 10 19,.__,:.“_5.;"._.., |
phonon | @ ... .
filter B T=87mK.
> blocks |, -
F:ﬂ/ g
0.1 1 f(Hz) 10

G=(15+5)fW/K, T.=(120.5+3.5)mK, 10<a<60, and t=(360+30)ms.
Stray power P,=(135+85)aW.
Approximate transfer function: 1/(V,.V(1+(wT)?)).

NEP=(0.95+0.2)x101°W/Hz/2, while the expected NEP is (8.5+1.5)x102°W/Hz/2



1.

. Demonstrated:

BLISS goals:

NEP<101% W/Hz/2
<160ms.

1=(360+30)ms
NEP=(0.95+0.2)x101°W/Hz1/2

TiN wiring (~4K TiN)

2 . .
Thermistor Ien';th|
18y —e—100um
1.6} 40um
—e—20um
141 ——10um
S5um
b - g Rl PP
R natl s
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06 | E )
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0 bt ' _ , |

40 60 80 100 120 140

T(MK)

Conclusions
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3. Built Mo/Cu
thermistors with:
Ti wiring . » New contact, wire
o L ofo scheme.
&
1.
* LowR,~>
°© L=100pm improved
10 x L=40p m ..
o 10xL=20um responsivity.
© 10 x L=10pm
© 10xL=5um * Improved a.
160 180 200
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